received substantial attention in the area of plasmonics. The promising applications of plasmonic hybridization, super-scattering and Fano resonances have been investigated in improved sensitivity of the resonance [5] , bio sensing [6] , surface-enhanced Raman scattering [7, 8] , photonic propagation and wave guiding [9, 10] , plasmon-induced transparency [11] to super scattering [12] and many others [13, 14] . In contrast, much less attention is dedicated on near field optical force due to Fano resonance and plasmonic hybridization; especially for plasmonic dimers [1, 2, [15] [16] [17] [18] [19] . When two metal nanoparticles are placed very close to each other, the properties of their surface plasmons are dramatically modified. This configuration of nanoparticles is known as a "dimer". Behaviors of such dimers have been studied in refs. [1, 2, 4, [15] [16] [17] [18] [19] . Specially heterodimers show remarkable properties such as Fano resonances [1, 17] , avoided crossing behavior [1] , optical nanodiode effect [1] and so on.
But the behavior of near field optical force for such heterodimers have not been studied in detail. So far only two works [20, 21] , as far as of our knowledge, have studied the behavior of binding force for
on-axis spherical heterodimers.
Though the behavior and reversal of near field optical binding force for spherical plasmonic on-axis homodimers [22] [23] [24] [25] [26] (due to bonding and anti-bonding modes without any substrate) have been studied comprehensively but such detailed investigations lack for on-axis [20, 21] and off-axis spherical heterodimers. Here off-axis means end-fire [20] and nearly end-fire configuration [cf. Fig. 1 when the rotation angle, φ, of the particle is between 60 to 120 degrees]. Considering the heterodimer cases, based on Fano resonance, the reversal of near field optical binding force has been reported in [27] and [28] for nanorod structures [27] and for disk along with a ring structure [28] . The answer of the question, whether such Fano resonance (raised from heterodimer interaction) is a universal process of achieving binding force reversal or not, is still unknown.
When the incident light field is polarized along the dimer axis (longitudinal polarization), the hybridized in-phase combination reflects a bonding mode σ and the out-of-phase mode represents an antibonding σ* configuration, respectively. However, when the polarization is perpendicular to the inter particle axis (transverse polarization), the scenario is exactly reversed: the in-phase combination is an antibonding mode (π*) and the out-of-phase combination is a bonding mode (π) [2] . A homodimer structure under longitudinal polarization supports only bonding plasmon mode (σ).
Likewise, only a π*-mode is observed in a homodimer under transverse polarization. But a plasmonic "heterodimer" structure supports both bonding and antibonding plasmon modes at the same time due to its broken symmetry [2] . Hence it is expected that binding force reversal should occur almost for all the spherical heterodimer structures.
But our work suggests that reversal of lateral (on-axis heterodimers) and longitudinal (off-axis heterodimers) binding force of symmetry broken heterodimers follow fully different key parameters/mechanisms. Most importantly, the reversal of longitudinal binding force can be easily controlled due to forced symmetry breaking just by changing the direction of wave propagation for a specific set-up of off-axis heterodimers or by changing their relative orientation. Interestingly, though reversal of optical binding force occurs for nano rods or other shapes due to Fano resonance [27, 28] , we have demonstrated that Fano resonance does not contribute to binding force reversal for spherical heterodimers [1, 4] . These observations are quite different than the homo-dimer cases reported in [22] [23] [24] [25] [26] .
Though Lorentz force analysis has been applied previously in [29] [30] [31] [32] to understand the mechanism of chirality induced force, Luneburg lenses, mechanical interaction between light and graded index media, cloaking effect, background effect on radiation pressure; such analysis is rare to understand the plasmonic effects and plasmonic binding force. Although it is commonly believed that plasmonic forces mostly arise from the surface force/polarization induced charges [33, 34] , our study suggests a notably different proposal especially for the off-axis heterodimers. Fig. 2 ):
'Reversal of optical longitudinal binding force can be easily controlled by manually controlling the relative orientation (in two distinct ways) of the spherical heterodimers as shown in detail in Fig. 2 (and it will be discussed again in forthcoming last section just before the CONCLUSION section).'
Observations of this article for spherical dimers can be very useful for the future plasmonic applications of the heterodimers (even with the cubic or other shapes, when the symmetry is broken) in the areas of improved sensors [4] [5] [6] , particle clustering and aggregation [22] [23] [24] . Au
Ag-Au 
RESULTS AND DISCUSSION
We specify that throughout this paper we refer to 'exterior' or 'outside' forces as those evaluated outside the volume of the macroscopic particles, while 'interior' or 'inside' refer to those quantities inside this object volume. To consider the realistic effects, we have done all the numerical calculations /full wave simulations [35] in three dimensional (3D) structures.
The proposed simplest set-up is illustrated in Fig 
Where 'out' represents the exterior total field of the scatterer; E , D , H and B are the electric field, displacement vector, magnetic field and induction vectors respectively, represents the time average and I is the unity tensor.
On the other hand, based on the Lorentz force, the total force (surface force and the bulk force [29] [30] [31] [32] ) can be written as:
is the surface force density (the force which is felt by the bound electric and magnetic surface charges of a scatterer), which is calculated just at the boundary of a scatterer [29] [30] [31] [32] .
Bulk f is the bulk force density, which is calculated from the interior of the scatterer by employing the inside field [29] [30] [31] [32] . 'in' represents the interior fields of the scatterer; 'avg' represents the average of the field. [38, 39] (which has also been described as Lorentz force in [20] ) is quite different than the Lorentz force defined in our Eqs (2) -(4). Even if the quasi static analysis (i.e. dipolar force [40,41]) leads to wrong conclusion (for example-in refs [20, [42] [43] [44] ); the agreement of Lorentz volume force [29] [30] [31] [32] 45] and external ST method [38, 39, [46] [47] [48] [49] [50] based on full electrodynamic analysis, which is considered for all the force calculations in this article, should lead to the consistent result for realistic experiments.
Lateral binding force: On-Axis Spherical Heterodimers
Behavior of optical binding force for on-axis spherical heterodimers has been studied in [20] considering the inter particle edge to edge gap of only 2nm. In addition, the size of the spherical objects has been considered only 10 nm and another one maximum 40 nm in [20] . However, we have observed that if the inter particle gap is increased (i.e. 20 nm instead of 2 nm), the reversal of optical binding force dies out for both polarizations of light. Still by optimizing the size of the heterodimers a more generic way of binding force reversal has been demonstrated in the next sub-sections. 
which is defined in Supplement S2 (b). Reversal of optical binding force occurs at that specific wavelength mainly due to the individual zero surface (
Del F 0  ) and bulk All the conclusions of the forthcoming sections have been noted very shortly in Table- 1.
Au-Ag off-axis heterodimers: Longitudinal binding force for both polarizations
Now, we consider Au-Ag particles of 100 and 50 nm respectively with inter particle distance of 20 nm [cf. Fig.1 (a) and (d)] but considering that the rotation angle, φ, of the particle is between 60 to 120 degrees [i.e. end fire or nearly end fire configuration [20] ]. The source is same. We start to create angular displacement from the x-axis considering two cases: (A) Rotating the smaller object and fixing the bigger one [cf. Fig. 1(a) ] and (B) Rotating the bigger object while keeping the smaller one fixed [cf. Fig. 1(d) ]. Now the question arises: 'Should there be any difference on longitudinal optical binding force for these two cases-(A) and (B)?'. The notable observation of this work: the behavior of longitudinal binding forces is quite different for these two cases due to the forced breaking of symmetry by placing the light source at one side of the dimer configuration instead of at the top of the set-up. If the light source were placed at the top of the set-up, such difference should not arise.
According to our forthcoming observations, forced symmetry breaking is detected as one of the key ways to control the inter-particle attraction and repulsion. Some previous symmetry broken set-ups have been discussed in [51, 52] (but not for optical force), which are different than our case.
However, for both cases-(A) and (B), the extinction cross sections reveal that bonding mode resonance blue shifts for increasing angular displacement in Fig. 4(a) , (c), (e), (g) for both aforementioned cases [also cf. supplement S4 for the case of Au-Au heterodimers with parallel polarization of light; rotating the smaller object]. It appears that an 'angular ruler' may also be possible like previously defined 'inter-particle gap ruler' in ref. [53] . x-directed lateral force F (x) is at least ten times smaller than y-directed force F (y) (which is usually satisfied, as the y-directed scattering force is usually much higher than the x-directed lateral force for plasmonic spherical heterodimers). It should also be noted that the scattering force of the bigger object is always pushing force [negative value of F B (y) ], which is one of the key issues to control the reversal of the y-directed binding force (this will be explained next). remains attractive with no reversal of sign. In fact, the difference of the particle radius of both the particles plays a vital role. When one of the particles in the heterodimer is much larger than the other one and the propagating light is perturbed by the bigger object at first, the scattered field from the large particle becomes much larger compared to the incident field. When the field enhancement is quite high at the inter particle gap position, this enhanced field forces the dipole on the small particle to oscillate in phase. Accordingly, with larger radius of bigger particle, the optical force between the particles becomes always attractive.
(ii) Au-Ag off-axis heterodimers: Rotating the bigger particle while keeping the small one fixed Now, we shall consider the alternate orientation [case (B); cf. Fig. 1 (d) ] by rotating the bigger object and fixing the smaller object. If the bigger object is rotated and the smaller one is fixed, F Bind(y) (BR) reverses during the antibonding type resonance mode and near spectral dip position. This is explained next.
When the smaller object is rotated and the propagating light is perturbed by the bigger object at first, the scattering force on the bigger object (always pushing) is always higher than the smaller one.
But when the bigger object is rotating and the propagating light is perturbed by the smaller object at first, there are some chances to find some wavelength regions when the scattering force on the smaller object becomes higher than the bigger object. In this way, the binding force F Bind (y) (BR)= (F B (y) -F S (y) )
can be observed attractive in those wavelength regions. This is what exactly happens during the anti-bonding type resonance modes as shown in Fig. 4 (c) , (d) and (g), (h); which is quite different than the conventional idea of optical binding force with homodimers [24] . For homodimers, according to the quasi-static approximation limit [24] : the bonding modes and antibonding modes have positive and negative definite slopes, respectively. As a result, consequently they must, respectively, induce attraction and repulsion. But we clearly observe the opposite scenario for the heterodimer set (at a fixed edge to edge distance of 20 nm) when the light is perturbed by the smaller object at first. Then the question arises why this kind of opposite behavior is observed for such symmetry broken heterodimer sets. Its answer lies in the electrodynamics calculations and force distribution analysis instead of the quasi-static analysis; mainly due to the generation of multipoles. Based on the results demonstrated in Fig. 5 (a) -(h) we shall discuss the detail dynamics considering a specific case: φ =60 degree.
In Fig. 5 (d) and (h) we have plotted the difference of the bulk Lorentz force, which clearly suggests that the total binding force is dominated by the bulk part of Lorentz force [which is in contrast with the commonly observed dominance of surface [33] /polarization charge induced force [34] for plasmonic objects]. This force can be considered as the scattering force part [33, 54] of the total force, which is physically originating from the multiple scattering between the smaller and the bigger object. Fig. 5 (c) and (g) suggest that during the anti-bonding resonance mode, the directive forward scattering of the bigger object is much higher than the smaller object. Surface charge plots in 
CONCLUSIONS
To identify the conclusions of this article at a glance, we have listed our key observations in Table   1 . It is expected that binding force reversal should occur almost for all the spherical heterodimer structures due to the presence of bonding and anti-bonding mode in the visible spectra. But our work suggests that reversal of lateral (for on-axis heterodimers) and longitudinal (for off-axis heterodimers of end-fire or nearly end-fire configurations) binding force of symmetry broken heterodimers follow fully different key parameters/mechanisms; i.e. later one depends on relative orientation and constructive dipole-quadrupole resonance but the former one on light polarization and the induced electric resonance. Most importantly, the reversal of longitudinal binding force can be easily 14 controlled due to forced symmetry breaking just by changing the direction of wave propagation for a specific set-up of off-axis heterodimers or by changing their relative orientation. In addition, though it is commonly believed that plasmonic forces mostly arise from the surface force and Fano resonance can be a promising way to achieve binding force reversal, our study based on Lorentz force dynamics suggests notably opposite proposals (for both) for the case of plasmonic spherical heterodimers. These demonstrations are quite different than the observations of binding force reversal of the homodimers reported in [22] [23] [24] [25] [26] . Proposals of this article should be very useful for improved sensors [4] [5] [6] 55] , particle clustering and aggregation [22] [23] [24] . 
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